■ INTRODUCTION
The largest sources of uncertainty in global climate predictions are the direct and indirect interactions of aerosol particles with radiation.
1 Depending on the aerosol particle type they can absorb radiation (e.g., soot) and heat the surrounding air or backscatter solar radiation (e.g., sea salt) which has a net cooling effect. Aerosol particles can suppress or promote cloud formation and change the cloud radiative properties, which indirectly affects the earth radiation balance. 2 Among all aerosol particles, the contribution of soot particles to the Earth's radiation balance is the most controversially discussed.
Soot particles are the product of incomplete combustion of carbonaceous material. In total 8 Tg of soot are emitted into the atmosphere annually. The majority of it is of anthropogenic origin produced in any combustion process such as fossil fuel combustion. 3, 4 Various natural sources namely different types of wild fires exist as well. 5 Depending on the source, the physicochemical properties of soot particles can vary over a broad range. However, all soot types have in common that they absorb radiation due to their dark color and that they are poorly wettable and nonhygroscopic when they are freshly produced. 6, 7 Therefore, they cannot act as cloud condensation nuclei (CCN) or ice nucleating particles (INPs). Nevertheless, from atmospheric measurements it has been deduced that some soot particles are CCN or INP active, since they were found to be enriched in residuals of ice crystals or cloud droplets. 8, 9 Further, it was shown that the number of black carbon containing particles correlates with the number of CCN in biomass burning plumes. 10 The difference between freshly emitted soot particles and soot particles found in the atmosphere can be caused by atmospheric aging processes which can change the particles' properties. Such processes can be for example coating with soluble compounds, coagulation with other aerosol particles, or oxidation with OH-radicals or ozone (O 3 ). There is a broad consensus that coating of soot particles with soluble compounds or coagulation with soluble particles increases the hygroscopicity and CCN activity at atmospheric conditions. 11−16 The effect of heterogeneous oxidation of soot particles is less confined. There is some evidence that soot particles which were exposed to OH-radicals or O 3 are more susceptible to interact with water. 17−21 However, there is no consensus if the oxidation is fast enough to convert significant amounts of fresh and CCN-inactive soot particles into CCN at atmospheric conditions. Reasons for the differing conclusions can be the broad range of soot types which were investigated as well as different experimental approaches used in different laboratory studies. 12, 20, 22 While freshly produced soot particles can be investigated easily, mimicking the aging processes within the atmospheric lifetime of approximately 1 week is rather challenging. 23 Studies with global circulation models can help to understand if the heterogeneous oxidation of soot particles with O 3 is a significant source of CCN on a global scale. The implementation of aging processes requires a framework that describes the conversion of soot particles into CCN. Friebel et al. 24 show that oxidation of soot particles with O 3 can significantly increase the number of CCN in the atmosphere and lead to a higher cloud droplet number concentration (CDNC). However, these results are based on a first-order reaction kinetic and do not consider any influence of the temperature.
Atmospheric aging processes of soot particle are also studied with a focus on air pollution and its impact on human health. Due to the large surface area and the generation process, high amounts of hazardous compounds e.g. polycyclic aromatic hydrocarbons (PAH) are condensed on the soot particles' surface. 25 It was shown that these PAHs can be oxidized by O 3 and OH-radicals. 26−29 However, this does not necessarily reduce the toxicity of soot particle since reactive oxygen species (ROS) are formed, which can be even more toxic than the initial substances. 28,30−32 To assess the atmospheric relevance of oxidative aging of soot particles, the reaction mechanism has to be known. This allows estimation of how fast chemical reactions proceed and which degree of oxidation is reached before soot particles are removed from the atmosphere. Generally, the reaction rate is dependent on the concentration of the reactants as well as on the temperature. In the case of OH-radicals, the reaction rate is directly proportional to the concentration of the radical in the gas phase. 33, 34 In contrast, the correlation is not ascertained for the oxidation with O 3 , yet. In concordance with the reaction kinetics of OH, it is frequently assumed that the oxidation rate of soot with O 3 and a subsequent increase of CCN activity is directly proportional to the gas phase O 3 concentration. 12, 20, 22, 35 Opposite to this, studies found that the decomposition of PAHs on the soot surface and the removal of O 3 from the gas phase follows a Langmuir−Hinshelwood mechanism. 26,27,36−40 The Langmuir−Hinshelwood mechanism implies that the reaction rate approximates a maximum level with increasing O 3 concentration, which is in contrast to first-order kinetics. However, it is unclear how the oxidation of PAHs and the removal of O 3 from the gas phase correlates with the CCN activation of soot particles.
To investigate the reaction mechanism that converts initially hydrophobic soot particles into CCN-active particles, we exposed soot particles rich in organic carbon for up to 12 h to different O 3 concentration levels and different temperatures. To ensure atmospheric relevance, all experiments were conducted within a range of atmospherically relevant conditions (O 3 0−200 ppb; temperature 5−35°C, particle diameter 100 nm; particle number concentration <1500 cm
−3
). Based on the impact of the O 3 concentration on the CCN activity and the change in particle diameter, we discuss the applicability of Langmuir-type kinetics. We show that for a more realistic estimate of the atmospheric relevance of the O 3 oxidation the temperature has to be considered as well.
Two main approaches are used to mimic the long atmospheric lifetime of soot in laboratory experiments with OH-radicals or O 3 . One approach is to expose soot particles to oxidant concentration levels that are multiple orders of magnitude above atmospheric levels. This leads to higher reaction rates and allows for the simulation of several days of Figure 1 . Schematic of the experimental setup showing the soot particle production and modification (left), the aerosol chamber (center), and the suite of analysis instruments (right; CCNC cloud condensation nuclei counter, SMPS scanning mobility particle sizer, AMS aerosol mass spectrometer, CPMA centrifugal particle mass analyzer, HINC horizontal ice nucleation chamber).
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Article atmospheric aging within seconds to minutes. This concept is realized within oxidation flow reactors (OFRs). 41−45 These chambers are operated in continuous-flow mode at steady state conditions and require typically low particle number concentrations, which allows for an investigation of initially size-selected particles. Assuming first-order kinetics with respect to the gas phase oxidant concentration enables linear extrapolation to atmospheric conditions. As mentioned previously, this is a reasonable assumption for OH-radicals but might not be valid for O 3 .
The second approach is to expose soot particles to oxidant concentration levels found in the atmosphere. This requires long (>several hours) residence times in the aerosol chamber, which demands large chamber volumes (>several cubic meters) if they are operated in batch-mode. A critical aspect is the filling procedure with aerosols. Due to the high particle concentration which is needed in the chamber and therefore in the input flow, particle size selection prior to the input is challenging to implement. Instead, polydisperse aerosol particles are generally used. Examples for such experimental setups are the chambers introduced by Cocker et al., 46 Paulsen et al., 47 Presto et al., 48 Rohrer et al., 49 Nordin et al., 50 Platt et al., 51 and Leskinen et al. 52 In the study presented herein, a 2.78 m 3 aerosol chamber is operated in continuous-flow stirred tank reactor mode (CSTR) which is a third experimental approach. With the CSTRapproach long aging times can be achieved, which allows experiments to be conducted at atmospheric oxidant concentration levels (e.g., <200 ppb of O 3 ). Further, low particle number concentrations (<1000/cm 3 ) are sufficient, which allows for size selection of the particles prior to the aging step. Though not as popular as OFRs or batch reactors, this concept has been used previously in atmospheric sciences for the investigation of, e.g., SOA formation 53, 54 and gas phase chemistry, 55 but was only recently adopted for the investigation of CCN activation. 56 
■ EXPERIMENTAL DETAILS
Setup and Standard Operation Procedure. The experimental setup and the standard operation procedure were described in detail in the works of Friebel and Mensah 56 and Friebel et al.; 24 therefore, it is described only briefly here. In Figure 1 , a schematic of the setup is shown. The soot particles were produced with a miniature combustion aerosol standard burner (miniCAST, model 4200; Jing, Ltd.) that was fueled with propane and operated under fuel-rich conditions (see Table 4 for details). A subset (approximately 1 L vol · min −1 ) of the aerosol produced was diluted by a factor of 10 using a Pallas VKL and fed into a pre-mix chamber (0.125 m 3 ) to allow the particles to coagulate as well as to dampen eventual fluctuations in the miniCAST output. From this coagulation chamber, an aerosol flow of 1.5−1.8 L vol ·min −1 was led through an unheated charcoal denuder to remove volatile organic compounds (VOCs) from the gas phase. Thereafter, particles with 100 nm diameter were size selected with a differential mobility analyzer (DMA, Model 3080L, TSI Inc., St. Paul, MN) and further diluted with 22 L vol ·min −1 VOC-filtered and particle-free compressed air. The resulting airflow had a particle number concentration of 1200−1500 cm −3 and was continuously fed into the aerosol chamber. Simultaneous to the input, a sample of the aged aerosol was continuously withdrawn downstream of the chamber at an equal flow rate. The aerosol chamber was a double-walled stainless-steel tank with 2.78 m 3 volume and was actively stirred with a gold-plated pitched-blade fan (30 cm diameter). The temperature inside the chamber was actively controlled by heating or cooling the chamber walls. To maintain a stable O 3 background concentration, an ozonized airflow of up to 60 mL vol ·min −1 was continuously fed into the chamber through an individual port. Downstream of the aerosol chamber a set of instruments was attached to characterize the aged aerosol. To characterize the fresh aerosol, all instruments could be switched to a bypass line to measure the aerosol properties upstream of the chamber. A full list of instruments deployed can be found in the work of Friebel et al. 24 In the following we focus on the CCN activity measured with a cloud condensation nuclei counter (CCNC; Droplet Measurement Technologies) and on the particle diameter retrieved from measurments with a scanning mobility particle sizer (SMPS, Model 3936, TSI Inc.).
Two sets of experiments were performed. In the first set the experimental reaction temperature was held constant at 25°C while the O 3 concentration was varied between 0 and 200 ppb to investigate the impact of O 3 concentration on the CCN activity of soot particles. In the second set of experiments the O 3 concentration was held constant at 200 ppb while the temperature was varied between 5 and 35°C to investigate the impact of reaction temperature on the CCN activity of soot particles.
Activation Time (t act ) Concept. After the start of an experiment, several hours are needed to reach stable operating conditions within the aerosol chamber run in CSTR mode. This state is referred to as steady state and is defined by a dynamic equilibrium of all processes that are taking place inside the chamber. Though fresh and unaged soot particles are continuously fed into the chamber, the particle number concentration inside the chamber stays constant since simultaneously particles are removed from the chamber at an equal flow rate. The sample investigated by the instruments downstream of the chamber does not consist of homogeneously aged aerosol particles but of a well-defined mix of particles at different individual aging stages. The ratio between young, medium-aged, and old particles is defined by the particle age distribution (PAD). 56 The PAD can be obtained from the residence time distribution (RTD) 57 taking particle losses into account (see the work of Friebel et al. 24 for more details). Since the aerosol chamber was run in CSTR mode, we applied the activation time (t act ) concept for the retrieval of information concerning the chemical and physical properties of the particles due to the aging processes taking place. The t act concept is an analysis concept developed by Friebel and Mensah 56 that can be used to parametrize the change in a binary property e.g. change in CCNactivity of soot particle due to oxidative aging. This concept is based on the fact that a single particle is either CCN-inactive or CCN-active at a defined supersaturation (SS). The CCN activity can be then interpreted as a particle property that consists of two distinct states, CCN-inactive vs CCN-active. In the context of oxidative aging, this means that an initially unoxidized soot particle is CCN-inactive at a defined SS. While the soot particle is exposed to O 3 , the degree of oxidation changes continuously. At some point in time, the degree of oxidation crosses a threshold beyond which the soot particle is CCNactive. Therefore, the CCN activity of a single particle at one defined SS changes stepwise with time while the degree of oxidation changes continuously in time. The minimum aging time an individual soot particle needs to be converted from a CCN-inactive to a CCN-active particle is called (t act ).
The (t act ) cannot be measured directly with the setup used here but can be obtained from the activated fraction (AF). The AF is defined as the number of CCN-active particles divided by the total number of particles which can be measured with a CCNC and SMPS, respectively. When the aerosol chamber is in steady state, the AF is constant and can be determined at different supersaturations, referred to as activation supersaturations (SS act ). The measured AF is a value average over the whole aerosol population inside the chamber. Therefore, it consists of the individual contributions of particles at different aging stages. The t act concept implies that only particles with an individual residence time above t act can be CCN-active. The AF is therefore equal to the fraction of particles with an individual residence time above t act (= the oldest fraction) inside the aerosol chamber. In Figure 2 the RTD during steady state within a CSTR with a hydrodynamic residence time τ CSTR of 120 min is shown (black line). τ CSTR is the chamber volume divided by the volumetric flow rate which were 2.78 m 3 and 23 L vol ·min −1
, respectively. The area below
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Article the RTD curve is 1 and represents the total aerosol particle population. In a hypothetical scenario where the AF is 0.368, t act can be obtained by integrating the area below the RTD curve starting from t = ∞ till 36.8% of the area is filled, which is indicated by the blue curve and the area below. The time on the x-axis that separates the CCN-inactive particles (white area) from the CCN-active particle (blue area) is t act . The turquoise and green areas represent two more sets of AFs and t act 's, which for example can represent a different SS act set in the CCNC. t act can be calculated directly from the measured AF during steady state using eq 1. A full derivation of eq 1 and how AF and t act correlate if the aerosol chamber is not in steady state can be found in Friebel and Mensah.
Previous studies investigating oxidative aging of soot and other particle types like SOA in OFRs or batch reactors reported the critical supersaturation (SS crit ) as a function of the aging time t, and the O 3 exposure or OH exposure. SS crit is defined as the SS at which 50% of the aerosol particles within a given population are CCN-active (AF = 0.5). The parameter sets "t act −SS act " and "exposure−SS crit " were developed for the respective experimental approaches and are not identical but can be related to each other. However, the difference between t act −SS act and exposure−SS crit tends to be smaller than the errors determined based on the experimental uncertainties as discussed in more detail in the work of Friebel and Mensah. 56 In the following SS act and SS crit and the corresponding aging times are treated as equivalent.
Application of t act in Kinetic Studies. The activation time t act is dependent on parameters such as degree of oxidation, particle diameter, and aging conditions, e.g., O 3 concentration and temperature, but is also dependent on the SS set in the CCNC. Here we focus on particles of one soot type size selected at a diameter of 100 nm. Therefore, in this study t act is dependent only on the external aging conditions namely O 3 concentration and temperature as listed above. A central aspect is the assumption that identical soot particles are CCN-active at the same SS act when they have the same degree of oxidation. Based on this, CCN-activity can be used as sensor reflecting the particles' degree of oxidation without detailed insights to the chemical composition (e.g., O/C-ratio). The reaction rate can be considered equal to the inverse activation time (t act −1 ). The higher the reaction rate, the faster a specific degree of oxidation is reached and therefore the shorter t act . Generally, longer aging times lead to higher degrees of oxidation and lower SS act . Therefore, a specific SS act value reflects a specific degree of oxidation that is reached at the time of activation. In the following, we apply the t act concept to analyze the impact of different O 3 concentrations as well as the impact of different temperatures on the aging of soot particles under atmospheric conditions.
■ IMPACT OF O 3 CONCENTRATION AT CONSTANT TEMPERATURE
We investigated the impact of the O 3 concentration on the CCN-activity of soot particles. Here, 100 nm size selected soot particles were exposed to O 3 concentrations of 0, 25, 50, 100, and 200 ppb. These concentration levels correspond to the O 3 background concentration as found in the northern hemisphere of 20−45 ppb 58 or in highly polluted cities like Beijing (China) with peak O 3 concentrations of approximately 200 ppb. 59 Temperature and RH in the aerosol chamber were kept constant at 25°C and below 5%, respectively. Additionally, experiments were conducted in which the O 3 concentration exceeded the detection range of the O 3 monitor (>10.000 ppb). The exact O 3 concentrations of these experiments are The main graph shows the full data set. The subpanel shows the same data, but highlights the data below 230 ppb.
With increasing O 3 concentration t act decreases at a constant SS act . An increase from 25 to 200 ppb causes t act to decrease from 659 to 340 min at 0.8% SS act and from 187 to 125 min at 1.4% SS act , respectively. Within this O 3 concentration range, an increase by a factor of 8 leads to a reduction in t act by a factor of ∼1.7 averaged over all SS act . In contrast to this, a further increase in O 3 concentration by a factor of more than 50 (from 200 to >10.000 ppb) results in a significantly smaller absolute change in t act which is equal to a reduction of a factor of ∼2.
Investigating the impact of SS act it can be seen that t act increases with decreasing SS act at a given O 3 concentration. This is due to the higher degree of oxidation and therefore longer time span needed to cause sufficient (chemical) transformation to make the particles CCN-active. For example at 25 ppb O 3 , soot particles are CCN-active at 0.8% SS act after 659 min while they are CCN-active after 187 min at 1.4% SS act already.
CCN-Activation As a Function of O 3 Exposure. The effect of O 3 on the CCN activity of soot particles has already been investigated in a couple of studies. In addition to varying soot types and particle diameters, these studies where conducted with different experimental setups, i.e. different aerosol chamber designs. The chamber design defines how long soot particles reside in the chamber and therefore how long particles are exposed to O 3 . These residence times tend to range from 100 s to 2 h, 12, 20, 22 while O 3 concentration levels range from 20.000 to 1.200 ppb, respectively. For intercomparison, the cumulative O 3 exposure can be calculated and related to the parameter of interest, e.g. CCN activity or C/O ratio. The total O 3 exposure is defined as the product of the O 3 concentration and the residence time inside the chamber and is reported in molec·s·cm −3 . The O 3 exposure can be expressed as equivalent atmospheric age in days as well by dividing the O 3 exposure by an average atmospheric O 3 concentration. This approach is based on the assumption that the modification of soot particles with O 3 follows a first-order reaction kinetic. This means that exposing soot particles for 10 min to 1 ppm of O 3 leads to the same degree of oxidation via the same pathway as if the particles were exposed for 1 min to 10 ppm.
To allow for a better comparison of our data to previously published results on the CCN activity of soot particles after O 3 exposure, we present SS act (left axis) as a function of O 3 exposure (bottom axis) and atmospheric age (top axis), respectively, in Figure 4 . Since our data was acquired utilizing the CSTR approach, we use t act instead of the residence time for the calculation of the O 3 exposure and atmospheric age, respectively. The top axis shows the equivalent atmospheric age in days, which is calculated based on an average atmospheric O 3 concentration of 35 ppb 58 which equals a concentration of 8.2 × 10 11 molec·cm −3 at a temperature of 25°C and a pressure of 965 mbar. The color indicates the diameter of the investigated particles.
The data from this work is located at the bottom of the graph at SS act ranging from 0.8 to 1.4%. The experimental O 3 concentration is indicated by the shape of the symbols (increasing from the left curve to the right): 25 ppb spheres; 50 ppb diamonds; 100 ppb squares; 200 ppb pentagons. For each experiment conducted at a different O 3 concentration, a separate curve was obtained which evolves from an upper left data point (high SS act ) to a lower right data point (low SS act ). Since SS act is linked to the degree of oxidation (see Application of t act in Kinetic Studies), soot particles that activate at the same SS act are expected to be oxidized to the same degree. As can be seen in the figure, the same type of soot particles aged Table 1 . These findings are in contrast to the theoretical expectation if the reaction followed a first-order reaction kinetic with respect to O 3 . In that case soot particles identical in size and chemical composition had to show the same CCN activity after the same O 3 exposure/atmospheric age, i.e. they should all fall on top of each other. As first-order reaction kinetics do not explain why our data of CBW particles unfold into four individual curves for the experiments conducted at four different O 3 concentrations it can be assumed that different reaction kinetics control the CCN activation of soot particles.
The light blue times signs to the very right show CAST black (CBK) particles. These particles have a lower OC content than CBW. Alike the CBW particles they were sizeselected at 100 nm and exposed to 200 ppb of O 3 in the same CSTR setup. 24 Based on our measurements CBK particles demand a 5 times higher O 3 exposure than CBW particles to become CCN-active at the same SS act . As discussed in detail in the work of Friebel et al., 24 this is due to the significantly lower OC content compared to CBW particles. Though only two data points are presented, it can be seen that the data evolves similarly to the CBW results. To put our results into perspective with the current state of knowledge, we incorporate additional experimental results of CCN activation of soot particles after O 3 exposure into Figure 4 . Friedman et al. 12 (orange cross to the bottom right) report no CCN activity below 1.0% SS for CBK soot particles produced at the same burner conditions as in our experiments. These particles were of 200 nm diameter and exposed to 2.000 ppb of O 3 for 1 h. Grimonprez et al. 20 exposed kerosene flame soot particles (green triangles) with 150 nm diameter to an O 3 concentration of up to 1200 ppb for 2 h. Due to their experimental approach, the O 3 concentration was constantly declining during the experiment. Nevertheless, their data evolves similarly to our results in terms of SS crit and O 3 exposure. The red star shows data from Lambe et al. 22 who exposed ethylene soot particles of 222 nm to 20.000 ppb of O 3 for 100 s in an OFR. Kotzick and Niessner 60 (upper part of the figure) exposed graphite spark generated (GfG) soot (multicolored upright hourglasses) and GfG soot that was initially coated with benzo[a]pyrenene (BaP) (multicolored bowties) to an initial O 3 concentration of 250 ppb for up to 20 and 5 h, respectively. In these experiments polydisperse soot particles were investigated. The high initial particle number concentration (5 × 10 4 cm
) caused the mean particle diameter to grow from 50 to 142 nm due to coagulation which is reflected in the change in color of the symbols. During the reaction, the O 3 concentration was not kept constant but declined to 40 ppb. The cumulative O 3 exposure was calculated assuming an exponential decline of the O 3 concentration.
As can be seen from the large spread in the data, there is little agreement within the results from different studies. Within individual data sets, the SS crit declines with increasing O 3 exposure in general. However, in the case of the GfG soot and BaP-coated GfG soot no continuous decrease in the SS crit was observed after a rapid initial decrease of the SS act from >20% down to 5% and 3.5%, respectively. No clear correlation between the SS crit and particle diameter can be deduced form the data presented in the figure. Instead the chemical composition of the fresh and the aged soot particles appears to be of higher relevance, e.g., the SS crit of BaP-coated GfG soot is significantly lower than of uncoated GfG soot at the same O 3 exposure and diameter. Similarly, much higher O 3 exposure levels have to be reached to activate particles low in OC, i.e. CBK compared to particles rich in OC (CBW). We conclude that the heterogeneous O 3 oxidation of neither the soot particles investigated here (CBW, OC-rich, 100 nm diameter) nor soot particles of different composition investigated in other studies can be described by first-order kinetics with respect to O 3 . Hence, the reaction rate is not directly proportional to the gas phase O 3 concentration.
Langmuir-Type Reaction Kinetics. Evaluation of the results presented in the previous section revealed that Langmuir-type reaction kinetics can be used to describe the oxidation of soot with O 3 . This kinetic model is a two-step mechanism. The first step is the adsorption of reactive molecules on a solid surface, in our case O 3 on soot particles. This can be described with a Langmuir-isotherm as presented in eq 2. The second step is the reaction of the adsorbed O 3 molecules with the soot particle's surface. Within this model the reaction rate is directly proportional to the amount of adsorbed O 3 molecule on the particle surface (surface coverage; θ) but not to the O 3 concentration in the gas phase ([O 3 ] ). The surface coverage θ can be calculated using eq 2. K eq is the Langmuir-sorption constant which indicates how well O 3 molecules adsorb on the surface. 
Note, this model differs from the Langmuir−Hinshelwood (LH) mechanism, which is often used to describe the heterogeneous reactions of chemical compounds. The LH mechanism describes a multistep process where different adsorbed species react with each other on the surface of the adsorbent followed by desorption of the reaction product. The solid surface is not altered but acts as a catalyst. However, in case of soot and O 3 the solid surface undergoes chemical modification during the reaction as it is one of the reaction partners. This modification becomes apparent by an increase in the CCN activity over time.
The surface coverage θ is defined as the fraction of so-called "active sites" on the particle surface which are occupied by O 3 molecules. These active sites can be for example functional groups like CC double bonds or surface defects. 61 At an O 3 concentration of 0 ppb, θ is 0. With increasing O 3 concentration, θ approximates a value of 1. Since the reaction rate r is directly proportional to θ, r can be calculated by multiplying θ with a proportionality constant. This factor is the reaction rate constant k and is equal to the highest possible reaction rate (at θ = 1). As has been discussed in detail in Application of t act in Kinetic Studies, the reaction rate r can be expressed as the inverse activation time (t act −1 ) which leads to the following eq 3.
The full law to describe the change in CCN activity of soot due to oxidation with O 3 can then be described by eq 4.
In Figure 5 , the reaction rate (t act
) is plotted as a function of the O 3 concentration for CBW particles. Different SS act are indicated by individual colors. As can be seen, the reaction rate increases with increasing O 3 concentrations. However, this increase is not directly proportional to the O 3 concentration, i.e. not linear, but approximates a constant level at higher O 3 concentrations. The solid lines represent curve fitting results of the data according to eq 4 aiming for an optimization of the reaction rate constant k and the Langmuir-sorption constant K eq . The fit was performed for every SS act individually and was forced through 0. The reaction rate constant k, the Langmuirsorption constant K eq , and the t act values used for the analysis are given in Table 1 for each individual SS act data set. The reaction rate constant k decreases with decreasing SS act , since a higher degree of chemical modification and therefore longer reaction time is needed. K eq shows the same trend and decreases with decreasing SS act . This trend might indicate that the ability of O 3 to absorb on the particle surface declines with increasing chemical modification within this specific range. Since this is a surface reaction on solid particles the progressing chemical modification might not change the number of active sites but their activity, e.g. adsorption to keto groups resulting from the oxidation might be slower than to initially existing CC double bonds. Additional experiments tailored to this specific question would be needed to resolve the underlying mechanisms. Nevertheless, it should be noted that the spread within the reported values is significantly lower than the difference to K eq values presented in the literature as will be discussed in the upcoming section.
Particle Diameter Increase. In addition to changes in chemical properties as discussed in the previous section, changes in physical properties can be evaluated to retrieve insights to the kinetics of a reaction. As already shown by Fendel et al., 62 the adsorption of O 3 on particles causes an increase in the particle diameter. Therefore, changes in the particle diameter can be used as an independent measure for the validity of the Langmuir-type kinetics in addition to the CCN activity. The particle size distribution of the aerosol particles was measured downstream of the aerosol chamber with an SMPS system. Due to the size selection of particles with a DMA upstream of the CSTR aerosol chamber, the particle population is dominated by singly and doubly charged particles corresponding to mode diameters of 100 and 150 nm, respectively. The particle mode diameters were obtained by applying a bimodal log-normal fit to every individual SMPS scan. Scans were taken every 135 s resulting in 300 to 400 scans in each experiment. The actual diameter of the size selected unaged soot particles was determined to be 99.4 ± 0.2 nm by measurements downstream of the aerosol chamber when no O 3 was added as well as by bypassing the aerosol chamber.
The CSTR approach allowed for the investigation of changes in the particle diameter during the course of several hours of exposure to O 3 . However, only a fast (<135 s) initial increase in diameter of up to 3.7 nm could be detected, after which the diameter remained constant throughout the remaining experimental duration of multiple hours. This indicates that the increase in particle diameter does not correlate with the increase in CCN activity, as this changes over the course of several hours. Furthermore, a diameter increase of up to 3.7 nm or 3.7%, respectively, is too small to be the dominant cause of the change in the CCN activity of the particles. Additionally, the magnitude of the change in diameter indicates that no substantial restructuring of the soot particles occurred due to O 3 exposure. Langmuir Adsorption. In Figure 6 the surface coverage θ (blue solid line; left-axis) as a function of O 3 concentration (bottom axis) is presented. The surface coverage was calculated using eq 2 and the average of the Langmuirsorption coefficients (K eq = 0.0357 ppb −1 ) given in Table 2 .
The gray shaded area represents the absolute spread of θ based on the highest and lowest K eq determined from the CCN activity as discussed in Langmuir-Type Reaction Kinetics and presented in Figure 5 . In addition to the surface coverage θ the particle diameter (turquoise-data, right axis) is presented. The error bars represent the 90% IPR of the peak diameter position (generated from 300 to 400 scans) and the 90% IPR of the O 3 concentration (determined every minute).
At 0 ppb the particles have a diameter of 99.4 nm (90% IPR: 99.2−99.6 nm) and no active site on the particle surface is occupied with O 3 (θ = 0). At an O 3 concentration of 50 ppb, the diameter grows by 2.9 nm to 102.4 nm (90% IPR: 102.1− 102.7 nm) while a fraction of θ = 0.64 of the maximum available active sites are occupied with O 3 molecules. An increase of the O 3 concentration by a factor of 4 (→ 200 ppb) leads to an additional particle growth by 0.9 nm only to 103.3 nm (90% IPR: 103.1−104.0 nm). The fraction of occupied active sites increases to θ = 0.88. The good agreement of the particle diameter with the evolution of surface coverage θ obtained from CCN-activation data supports that the Langmuir-type reaction kinetic is a valid concept to parametrize the heterogeneous O 3 oxidation of soot particles.
Discussion of Reaction Mechanism. The adsorption of O 3 molecules on the surface of soot particles was determined through two independent techniques. Each technique is based on an independent effect occurring on different time scales. While the increase in particle diameter is the result of a fast (several minutes) adsorption of O 3 , the change in CCN activity is the result of a slow (several hours) reaction of the adsorbed O 3 with the particle itself. Nevertheless, they both lead to the same result showing that the reaction kinetic of heterogeneous O 3 oxidation of soot particles is not linearly dependent on the gas phase O 3 concentration but follows Langmuir-type kinetics with the amount of surface adsorbed O 3 molecules being the rate limiting step.
While these results are the first to show Langmuir-type kinetics for the CCN activation of soot particles due to heterogeneous O 3 oxidation to the authors' knowledge, this is not the first time that Langmuir-type or LH kinetics were suggested for the reaction of soot with O 3 . Frequently, the removal of O 3 from the gas phase in the presence of soot or soot surrogates, e.g. particles coated with PAH, was parametrized with LH kinetics. 26, [36] [37] [38] [39] [40] 61, 63 The same applies to the decomposition of PAHs and other organic surface compounds by O 3 . 26, 27, 30, 63 Similar to the results presented herein, we presented an increase in diameter of 100 nm soot particles after exposure to 200 ppb of O 3 in the work of Friebel et al. 24 OC-rich soot, which was the same as the CBW particles in this study, showed a growth of +3.5 nm and a soot with a lower fraction of OC (CBK) showed a growth of +1.5 nm. In accordance with our findings, Fendel et al. 62 showed that the adsorption of O 3 on soot aerosol particles causes an increase in the particle diameter of +0.3 nm and Kotzick et al. 64 also reported an increase in particle diameter of up to 1 nm after O 3 treatment. Similar to our findings within the atmospherically relevant range of up to 200 ppb, Kotzick et al. 64 showed that while SS crit for soot particles decreases upon reaction with O 3 there was no detectable sensitivity on the gas phase O 3 concentration within the range of 2 orders of magnitude (25−2000 ppb). Despite these findings from the 1990s supporting the proposed Langmuir-type kinetics, there are more recent publications proposing first-order reaction kinetics. For example, Perraudin et al. 29 presented that the decomposition rate constant of various PAHs condensed on graphite and silica particles is directly proportional to the O 3 gas phase concentration in the entire range from 0 to 14.000 ppb. Similarly, Grimonprez et al. 20 presented that with increasing O 3 exposure (from 3.2 × 10 −16 to 12.4 × 10 −16 molec·s·cm −3 ) the SS crit of kerosene soot decreases from 2.1% to 1.3%. Within these experiments, soot particles where exposed to O 3 for up to 105 min. The reaction was initiated by injecting particles into a chamber filled with O 3 (0−1200 ppb). After that, the O 3 concentration was constantly declining during the experiment. The CCN activity could be sufficiently well described by the O 3 exposure. No dependence on the initial O 3 concentration was reported by Grimonprez et al. 20 indicating that the reaction rate was directly proportional to the O 3 concentration.
A possible cause for the differing results and hence conclusions could be the difference in chemical composition of the particles investigated. This can, for example, affect how easily O 3 adsorbs on the soot or PAH surfaces. For example the Langmuir constant K eq determined in our study is significantly higher than the ones reported in other studies. While we investigated the CCN activation of soot particles due to heterogeneous O 3 , Poschl et al. 26 investigated the degradation of benzo[a]pyrene on spark discharge soot at O 3 concentrations of up to 1000 ppb. They determined a sorption constant K eq of (6.6 ± 0.9) × 10
. Han et al. 65 investigated the reduction of aromatic compounds on hexane soot upon exposure to up to 4000 ppb of O 3 . They determined a K eq of (3.5 ± 0.7) × 10
. Both values are orders of magnitude below our value of 0.0357 ± 0.015 ppb −1 as presented in Table 2 . The difference might be caused by the different study foci. While the two studies mentioned focus on the degradation of specific compounds which can be considered representative for chemical substances found on soot particle surfaces, we investigated the CCN activation behavior of soot particles themselves. The increase in CCN activity is most likely due to the chemical modification of a range of chemical substances on the surface of the particles.
In Figure 7 the surface coverage is plotted as a function of the gas phase O 3 concentration between 0 and 500 ppb for the three K eq values determined by Han et al. 65 (dotted line), Poschl et al. 26 (dashed line), and us (solid line). The higher the K eq value the earlier the maximum surface coverage is reached. This can be seen when comparing the solid curve in Figure 7 calculated with K eq of 3.57 × 10 −2 ppb −1 determined from the CCN data of our soot aging experiments with the dashed and dotted curve calculated with K eq of 3.5 × 10 −4 to 6.6 × 10
, respectively. At low O 3 concentration levels the surface coverage is approximately directly proportional to the O 3 concentration. The lower K eq the larger the O 3 concentration range of this putative linearity as can be seen in the dotted curve in Figure 7 . The reaction rate appears to be directly proportional to the O 3 surface coverage in the range of up to 500 ppb. Therefore, it can be approximated by a firstorder kinetic with respect to the O 3 concentration in the gas phase but within this specific range only.
■ IMPACT OF THE REACTION TEMPERATURE ON t act
In the previous section, a significant fraction of the tropospheric O 3 concentration range was covered within the experiments executed at 25°C. Furthermore, it was confirmed that Langmuir-type reaction kinetics can be applied to the O 3 aging of soot and its increase in the ability to act as CCN. However, the rate of chemical reactions is not only dependent on the concentration of the reactants but also on the reaction temperature. Therefore, it is necessary to investigate the influence of the reaction temperature on the reaction rate. This knowledge is essential to estimate the atmospheric relevance of the CCN activation of soot particles due to O 3 aging.
The impact of the reaction temperature on t act was investigated at four different temperatures ranging from 5 to 35°C. In accordance with the experiments for the investigation of the impact of O 3 concentration 100 nm OCrich soot particles (CBW) at 200 ppb O 3 and RH below 5% were used. The results of the experiments are presented in Table 5 and Figure 8 where t act is plotted as a function of temperature. The color-coding indicates the SS act ranging from 1.4% (red) to 0.3% (blue). The horizontal error bars indicate the 90% IPR of the temperature. The vertical error bars indicate the cumulative uncertainty in t act which is equal to a constant value of ±12 min originating from the uncertainties in the CCNC and SMPS. As is shown in Figure 8 , t act decreases with increasing reaction temperature at a constant SS act . For example, at 5°C the particles become CCN-active after 621 min at 0.8% SS act (green data) but a temperature increase to 35°C reduces t act to 118 min at the same SS act . Therefore, a temperature increase by 30 K within the atmospherically relevant range reduces t act by more than a factor of 5. At a constant temperature t act correlates inversely with the SS act . Looking at 5°C again, it can be seen that the particles become CCN-active after 216 min at 1.4% SS act but need 621 min at 0.8% SS act . Full data sets across the entire temperature range could be acquired only for SS act of 0.8% and higher. Additional data points at SS act down to 0.3% could be acquired at elevated reaction temperatures only. This indicates that at low SS act and reduced temperatures the reaction rate of the chemical transformation causing a soot particle to become CCN-active was so low that t act exceeded the maximum aging duration achievable in our experimental setup. The t act values as 
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Article determined in the individual temperature sensitivity experiments are presented in Table 5 in the Appendix.
The activation energy E A of the reaction leading to the CCN-activation of CBW particles can be calculated by application of the Arrhenius law to the data presented in Figure 8 . This law relates the reaction rate constant k to the reaction temperature T (in Kelvin; K) as presented in eq 5. Within this equation A is a pre-exponential factor and R is the universal gas constant (8.314 J·mol
Using k and T retrieved from the experimental data, E A and A can be obtained from an Arrhenius plot as shown in Figure 9 . Within an Arrhenius plot the logarithm of k (ln(k)) is plotted as a function of the inverse temperature (T
−1
). The data points can then be fitted using a linear regression. The y-intercept of the fitting curve obtained is equal to the logarithm of A and the slope is equal to −E A R −1
. Based on the discussion presented in Application of t act in Kinetic Studies and on the fact that these experiments were conducted at the same O 3 concentration, the inverse of t act (t act −1 ) can be considered as the reaction rate constant k. In Figure 9 the Arrhenius plot is shown for the four SS act where full data sets across the entire temperature range are available. The data from different SS act is color-coded analogous to Figure 8 . As can be seen, the data points align on linear curves with R 2 values of 0.9971 to 0.9989 (Table 3 ). These high R 2 values support the applicability of the t act concept for the calculation of kinetic data.
The activation energy E A and the pre-exponential factor A as well as the fitting parameters are listed in Table 3 . The preexponential factor A decreases with decreasing SS act due to the longer reaction time needed to make the soot particle CCNactive. The average E A of 38.5 ± 1 kJ·mol −1 is in the range of values presented in the literature. Kamm et al. 37 report an E A of 46 ± 10 kJ·mol −1 for the regeneration of the surface of graphite soot by either reactive uptake of O 3 or decomposition of O 3 . Stephens et al. (1989) 66 report a value of 44 ± 4.6 kJ·mol −1 for the gasification of candle soot with O 3 . Lee et al. 67 applied an ab initio density functional theory method to determine E A for the conversion of physisorbed O 3 to chemisorbed O 3 on graphite surfaces to be 66 kJ·mol −1 . The E A for physisorption of O 3 is typically lower than the one determined in our experiment. For example, Kamm et al. 37 reported an E A of 6 ± 0.6 kJ·mol −1 for the fast initial uptake of O 3 on soot. Lee et al. 67 calculated an E A of 24.2 kJ·mol −1 for the physisorption of O 3 on graphite layers. This indicates that the rate limiting step that leads to the increase in CCN activity of soot is not the adsorption of O 3 , but a following reaction step. For an easier comparison all values for E A are listed in Table 6 in the Appendix.
Atmospheric Relevance. The oxidation of soot particles with O 3 is often considered negligible for the formation of CCN at atmospheric conditions. For example, Friedman et al. 12 and Lambe et al. 22 had to expose soot particles to nonatmospheric aging conditions (>2000 ppb) to achieve CCN activation in oxidation flow reactor experiments. The results of our work show that CCN activation of soot particles rich in OC can be substantial if the experiments are executed at atmospherically relevant conditions suggesting that this formation pathway should be considered in future studies. A broader range of experiments resulting in the same conclusion has already been reported by Friebel et al. 24 Grimonprez et al. 20 conducted their experiments at 0 to 1.200 ppb and room temperature. On the one hand they assume a first-order dependence of the reaction rate on the gas phase O 3 Table 3 . We showed in a previous publication that an increase in the number of CCN due to O 3 aging of soot can lead to an increase of the CCN burden on a global scale (+ 12.7%) and a significant enhancement of the cloud droplet number concentration (CDNC) in northern midlatitudes (up to +30.3% 24 ) . In the respective publication, the experimental results were extrapolated assuming a first-order reaction kinetic in accordance with the state of scientific knowledge at the time of publication. In view of the experimental results presented herein, it has to be assumed that the application of Langmuirtype kinetics will lead to an even more pronounced effect.
Further, we show that the CCN activation of soot particles is significantly impacted by the reaction temperature. Within the range of O 3 concentrations prevalent in the lower troposphere (10−45 ppb 58 ) the reaction rate changes by a factor of 2.3 based on the Langmuir-sorption constant retrieved from our experimental results. The reaction rate changes by the same magnitude if the reaction temperature is changed by 15 K within the atmospherically relevant temperature range between 5 and 35°C. This is within the diurnal temperature range that can be experienced predominantly in spring and fall seasons in the northern midlatitudes. On a global scale, the differences in the average temperatures of different climate zones like the tropics and the arctic are typically larger by far. Therefore, the regional temperature has to be taken into account when the CCN activation of soot particles is determined for a specific location. The same applies to the vertical temperature gradient in the troposphere. A difference of 70 K (ground level 15°C; top of troposphere −55°C) affects the reaction rate by a factor of 175. This indicates that at atmospheric conditions within the full range of the troposphere, the temperature is at least as important as the O 3 concentration for the CCN activation of soot particles due to O 3 aging. We are currently working on the development of a parametrization scheme that will allow for the implementation of both effects into a global climate model. The results will support an even more realistic representation of this specific aging process as well as a more realistic evaluation of its regional and global impact than that presented in the work of Friebel et al. 24 
■ SUMMARY
We investigated the impact of the gas phase O 3 concentration and the reaction temperature at atmospherically relevant conditions on the CCN-activation of soot particles. The soot particles were produced by a miniCAST burner at fuel-rich conditions. Experiments were executed in a 2.78 m 3 stainless steel aerosol chamber operated as a continuous-flow stirred tank reactor (CSTR). This approach allowed the investigation of size-selected particles for up to 12 h at a particle number concentration of max. 1500 cm −3 . For data analysis we applied the activation time (t act ) concept recently introduced by Friebel and Mensah. 56 We show that t act can be used as a metric to retrieve kinetic data from the CCN activation of soot particles. Our results show that the reaction rate is not linearly dependent on the gas phase O 3 concentration. Instead, the reaction rate can be best described by a Langmuir-type kinetic. Re-evaluation of results presented in the literature shows that the total O 3 exposure cannot be considered a valid metric for the interpretation of laboratory results. This is of special importance when conclusions shall be drawn based on data obtained at O 3 concentration levels orders of magnitude higher than found in the atmosphere but extrapolated to atmospherically relevant O 3 concentrations.
Based on our experimental results, we conclude that the CCN activation of soot due to oxidation with O 3 follows a two-step mechanism. In an initial fast step (several minutes) O 3 molecules adsorb on the particle's surface followed by a significantly slower (several hours) reaction of the adsorbed O 3 molecules with the particle itself. With increasing activation time (t act ) the activation supersaturation (SS act ) decreases. Using CCN activity data acquired at a constant reaction temperature of 25°C but a varying O 3 concentration (0−200 ppb), we calculate a Langmuir sorption constant (K eq ) of 0.0357 ± 0.015 ppb −1 /(1.52 ± 0.64) × 10 −12 cm 3 · molec −1 .This finding allows for the calculation of the O 3 surface coverage (θ; Langmuir sorption curve) as a function of O 3 concentration. The fast initial surface adsorption process was confirmed by the change in the particle diameter as a function of the O 3 concentration. An increase in particle diameter of up to 3.7 nm when the gas phase O 3 concentration is increased from 0 to 200 ppb can be considered as an independent measure for the confirmation of Langmuir-type kinetics. The data aligns well with the Langmuir sorption curve as shown in Figure 6 . Further, we conducted experiments at a constant O 3 concentration of 200 ppb but at different temperatures. The results of these experiments allow for the determination of the activation energy (E A ) of the reaction that causes soot particles to become CCN-active upon O 3 exposure to be 38.5 ± 1 kJ·mol −1 . Finally, we conclude that at average atmospheric conditions the reaction temperature has to be considered as equally important as the O 3 concentration to estimate the atmospheric relevance of the CCN-activation of soot particles due to oxidation with O 3 . We strongly encourage more kinetic studies to promote the scientific understanding of atmospheric aging 
